A lipoprotein diacylglyceryl transferase (lgt) deletion mutant of Staphylococcus aureus SA113 was constructed. The lipoprotein and prelipoprotein expression, the growth behavior, and the ability of the mutant to elicit an immune response in various host cells were studied. In the wild type, the majority of [ 14 C]palmitate-labeled lipoproteins were located in the membrane fraction, although some lipoproteins were also present on the cell surface and in the culture supernatant. The lgt mutant completely lacked palmitate-labeled lipoproteins and released high amounts of some unmodified prelipoproteins, e.g., the oligopeptide-binding protein OppA, the peptidyl-prolyl cis-trans isomerase PrsA, and the staphylococcal iron transporter SitC, into the culture supernatant. The growth of the lgt mutant was hardly affected in rich medium but was retarded under nutrient limitation. The lgt mutant and its crude lysate induced much fewer proinflammatory cytokines and chemokines in human monocytic (MonoMac6), epithelial (pulmonary A549), and endothelial (human umbilical vein endothelial) cells than the wild type. However, in whole blood samples, the culture supernatant of the lgt mutant was equal or even superior to the wild-type supernatant in tumor necrosis factor alpha induction. Lipoprotein fractionation experiments provided evidence that a small proportion of the mature lipoproteins are released by the S. aureus wild type despite the lipid anchor and are trapped in part by the cell wall, thereby exposing the immune-activating lipid structure on the cell surface. Bacterial lipoproteins appear to be essential for a complete immune stimulation by gram-positive bacteria.
The N terminus of lipoproteins contains an N-acyl-S-diacylglyceryl cysteine moiety, resulting from the modification of the N-terminal cysteine residue by a diacylglyceryl group thioether linked to the side chain sulfhydryl group and by an additional acyl group amide linked to the amino group of this cysteine (22) . Lipoproteins are synthesized as preproteins with a distinct signal sequence. The A consensus sequence, the lipobox (38) , is found in the C-terminal portion of the signal sequence, -Leu Ϫ3 -Ser/Ala Ϫ2 -Ala/Gly Ϫ1 -Cys ϩ1 (16, 27) . The first step in the biosynthesis of lipoproteins is the transfer of the diacylglyceryl group from phosphatidylglycerol to the sulfhydryl group of the invariant cysteine residue in the lipobox. This reaction is catalyzed by the phosphatidylglycerol-prolipoprotein diacylglyceryl transferase, encoded by the lgt gene (55) . The lgt gene is highly conserved and appears to be ubiquitous in bacteria (48) and functionally exchangeable. When the lipoproteins are translocated through the cytoplasmic membrane, the specific signal peptidase II (Lsp) recognizes the diacylglyceryl modification and cleaves between the amino acid at position Ϫ1 and the lipid-modified cysteine residue (25) . In several bacteria, but not all, the N terminus of the diacylglyceryl-modified cysteine residue is fatty acylated by an N-acyltransferase (Lnt) to form N-acyl diacylglyceryl cysteine (54) . Lipoproteins are translocated across the cytoplasmic membrane through the Sec pathway (63) . In Escherichia coli, the three enzymes involved in modification, processing, and Nacylation are encoded by the lgt, lsp, and lnt genes, respectively (55) . The lipo-form is normally demonstrated by labeling with [ 3 H]palmitate.
Microbial lipoproteins are a functionally diverse group of proteins that are active in the bacterial cell envelope. In grampositive bacteria, many lipoproteins have substrate-binding activity, are a part of various ABC transport systems (67) , are involved in sensing environmental signals (64) , and play a role in protein secretion and folding of exoproteins (12, 29, 33) , respiration (4), bacterial coaggregation (31) , adherence to various surfaces (30, 32) , attachment to and invasion of host cells (11, 51, 52) , sporulation (44) , antibiotic resistance (40) , bacterial conjugation (68) , and genetic competence (53) .
The lipid modification of prelipoproteins appears to be essential in gram-negative bacteria, such as E. coli and Salmonella enterica serovar Typhimurium, since mutants defective in lgt, lsp, or lnt are temperature sensitive for growth, which suggests that one or more lipoproteins are required for normal growth, division, and viability of bacterial cells (16) . The structural lipoproteins that bridge peptidoglycan with the outer membrane very likely play a crucial role. In gram-positive bacteria, such as Bacillus subtilis and Streptococcus pneumoniae, lipid modification of prelipoproteins appears not to be essential for cell growth in vitro (36, 47) . However, lipoproteins play a role in virulence in S. pneumoniae and in protein secretion in B. subtilis (36) . In gram-positive bacteria, the lipidcontaining N terminus is presumed to anchor lipoproteins to the outer leaflet of the cell membrane, and lipoproteins can be compared topographically to the other major class of macroamphiphiles present in the gram-positive cell envelope, the lipoteichoic acids and lipoglycans (13) .
In recent years, many studies have been aimed at elucidating the molecular basis of inflammatory responses elicited by gram-positive bacteria. Several components from different subcellular compartments of gram-positive bacteria have been reported to activate various host cells, such as components of the bacterial envelope (e.g., lipoproteins, peptidoglycan, teichoic acids, capsular polysaccharide), secreted components (e.g., enterotoxins or toxic shock syndrome toxin 1), and intracellular factors (e.g., unmethylated CpG DNA). Bacterial lipoproteins and synthetic lipopeptides bind to and activate toll-like receptor 2 (TLR2) (1, 6, 24) , which leads to NF-B activation (41, 50) . TLR2 heterodimerizes with TLR1 or TLR6 depending on the source and type of the lipoproteins (9, 43, 65, 66) .
Only limited information on the immune stimulatory activity of whole bacterial cells defective in the lipid modification of prelipoproteins is available. Most studies on lipoproteins have been carried out with isolated molecules or synthetic analogues. We therefore constructed a Staphylococcus aureus lgt::ermB mutant unable to carry out lipid modification of prelipoproteins and examined the contribution of staphylococcal lipoproteins to growth, adhesion to and invasion of host cells, cytotoxic effects, and host cell stimulation. As the crucial stimulatory lipid part of lipoproteins is normally embedded in the outer leaflet of the cytoplasmic membrane, we investigated the accessibility of these microbial components for recognition by receptors of the innate immune system.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this work are listed in Table 1 . E. coli was grown overnight at 37°C with constant shaking in Luria broth. S. aureus and Staphylococcus carnosus strains were grown at 37°C overnight with constant shaking in basic medium (BM) broth (Luria broth supplemented with 0.1% K 2 HPO 4 and 0.1% glucose), diluted 1:100 into fresh medium, and cultivated for further investigations as indicated.
For [ 14 C]palmitate feeding, cells were cultivated to the mid-exponential phase in BM or MHB medium (Mueller-Hinton II cation-adjusted broth; Becton Dickinson) and fractionated as described below. For cytokine induction and the corresponding invasion assays, Dulbecco's modified Eagle medium (DMEM) supplemented with F-12 nutrient mixture and 2 mM L-glutamine (referred to as DMEM-F-12 medium; Gibco BRL) was used instead of complex medium to prevent attachment of potentially cell-activating agents to the bacterial surface. For cell activation studies with human umbilical vein endothelial cells (HUVEC), bacteria were grown in MHB, which gave results similar to those obtained when bacteria were cultivated in DMEM-F-12 medium. Bacteria were grown to the mid-exponential phase and washed three times in DMEM-F-12 medium. For infection assays, the cell numbers were adjusted using a Neubauer chamber to the same value in the medium used in the respective assays. When appropriate, the media were supplemented with 100 g of ampicillin (Amp)/ml, 5 or 2.5 g of erythromycin (Em)/ml, 10 g of chloramphenicol (Cm)/ml, or 12.5 g of tetracycline (Tc)/ml. Growth kinetics of S. aureus SA113 and SA113 lgt::ermB were compared in complex, BM, and MHB medium. The media were inoculated 1:100 with overnight cultures in the respective media. In order to assess growth under nutrient-poor conditions, either DMEM-F-12 or iron-depleted cell culture medium (RPMI-1640; Sigma R-5886) was used.
Disruption of the lgt gene by allelic replacement. For deletion of the lgt gene in the genome of S. aureus SA113, a 1-kb fragment including hprK was generated by PCR using Pwo polymerase (Hybaid). An EcoRI restriction site (underlined) was introduced into the forward primer (5Ј-TATTTTAGGAATTCAATGTAG ATTGGTGTTATATTTTTG-3Ј), and the reverse primer (5Ј-AGTTAAATAC AATACCCGGGCAACCTACTCCTCACTC-3Ј) contained a SmaI restriction site. The fragment was cut with EcoRI and SmaI and subcloned into pUC18 digested with the same restriction enzymes, yielding pUC18hprK. A 1.1-kb fragment including the entire yvoF gene and the 5Ј end of the yvcD gene was amplified using 5Ј-GGCGCTTCCATGCCCGGGAAAAAAAGTGAAGTAGT GATAG-3Ј as the forward primer and 5Ј-TATCTGTAGGATCCTCTTGTAA TAGTGCTTCGTAC-3Ј as the reverse primer, which contained a SmaI and a BamHI restriction site, respectively, and ligated into pUC18 hprK. The ermB gene from Tn551 was removed from pEC2 by 5Ј cleavage with XbaI and 3Ј cleavage with HindIII, the ends were filled in with Klenow enzyme, and ermB was blunt end ligated into the SmaI site between the hprK and yvoF genes in pUC18. The inserted fragments were sequenced and introduced into the temperaturesensitive shuttle vector pBT2 harboring the Cm r marker gene cat. The resulting inactivation plasmids were designated pBT-lgt for and pBT-lgt rev. After construction in E. coli, the plasmids were separately electroporated into S. aureus RN4220, purified after selection of transformants on Cm-containing BM agar plates, and electroporated into S. aureus SA113.
Insertional inactivation of lgt by homologous recombination was achieved as described previously (7) . Single Em-resistant and Cm-sensitive colonies were presumed to have undergone double crossover and were obtained from cultures harboring the pBTlgt for plasmid. The lgt::ermB genotype of two colonies was confirmed by PCR analysis and sequencing. One clone, SA113 lgt::ermB, was used for further investigations and is referred to here as the lgt mutant.
Construction of expression plasmids. For complementation of the lgt mutant, plasmid pRBlgt was constructed in E. coli by ligation of the lgt gene to the shuttle vector pRB474 (kindly provided by R. Brückner). lgt was amplified from S. aureus SA113 genomic DNA by PCR using the forward primer 5Ј-TGAAGAA AGGATCCAGAACAGTCATAAGAGTGAGGAGTAG-3Ј, which contained a BamHI site (underlined) and the original ribosomal binding site, and the reverse primer 5Ј-ACTCCCCCGGGGGATTGTATGATGATGTGTTTTTG-3Ј, which contained a SmaI site (underlined). Plasmid pRBlgt was identified by restriction analysis and was electroporated into S. aureus SA113lgt::ermB. S. aureus SA113lgt::ermB (pRBlgt), referred to as the complemented mutant, retained the wild-type phenotype.
A PCR product of sitC (encoding a 36-kDa lipoprotein) from genomic DNA of S. aureus SA113 carrying the ribosomal binding site was generated using the oligonucleotides 5Ј-TCACAAGATCTACGAATAGAAAGAAACGAGGAA G-3Ј (forward primer, with the introduced BglII restriction site underlined) and 5Ј-TGTTGATGTGTGGCCTAAAATATTGGAGATACC-3Ј (reverse primer, with the original HaeIII restriction site underlined) and ligated into the BamHISmaI-digested xylose-inducible expression vector pTX15. The plasmid was introduced into S. carnosus TM300 protoplasts by transformation as previously described (19) , and Tc-resistant transformants were selected. pTXsitC was isolated from S. carnosus TM300 and transformed into S. aureus SA113 and the lgt mutant. Preparation of staphylococcal crude extracts and isolation of membrane and supernatant proteins. Bacteria were cultured in the appropriate medium and harvested in the desired growth phase as indicated in Results. For preparation of crude extracts and membrane proteins, cells were harvested by centrifugation for 15 min at 4°C and 5,000 ϫ g and washed twice in ice-cold 20 mM Tris-HCl-100 mM NaCl, pH 8.0. After resuspension in 2.5 ml of buffer with 1 mM phenylmethylsulfonyl fluoride per gram of bacteria, glass beads (0.15 by 0.3 mm in diameter; Sigma) were added, and cells were disrupted mechanically by vortexing five times for 1 min at 4°C each. Contaminating lipopolysaccharide was inactivated by incubating glass beads at 200°C prior to their use in cell activation assays. Glass beads and nondisrupted bacteria were pelleted by centrifugation (3,500 ϫ g for 15 min at 4°C). The crude extract was removed, and remaining cells were disrupted in the same volume of buffer. The pooled crude extract was used for stimulation of human cells or for isolation of membrane proteins. For membrane isolation, the crude extract was pelleted by ultracentrifugation (4°C for 1 h at 50,000 rpm in a Beckman Ti70 rotor) and washed in the same buffer. After a second ultracentrifugation step, membrane proteins were extracted with 2% Triton X-100 in the same buffer by rotation of the samples at 4°C for 1 h. The proteins were harvested by acetone precipitation and centrifugation for 30 min at 4°C and 13,000 ϫ g and resuspended in 50 mM Tris-HCl-10 mM MgCl 2 -1 mM phenylmethylsulfonyl fluoride, pH 8.0.
Extraction of staphylococcal surface-associated proteins. Noncovalent surface proteins were removed from staphylococci by LiCl treatment. Cells were grown in MHB for the indicated time period and washed twice with cold 20 mM Tris-HCl, pH 8.0, by vortexing gently and centrifugation for 10 min at 3,000 ϫ g at 4°C. The pellet was resuspended in 1.5 M LiCl and shaken for 2 h at 37°C. Bacteria were pelleted by centrifugation for 15 min at 4,000 ϫ g at 4°C, and the supernatants containing released surface proteins were dialyzed extensively against 10 mM Tris-HCl-20 mM NaCl-5 mM EDTA, pH 8.0, at 4°C. The extracts were stored at Ϫ80°C. Total protein (12 g) was separated on an SDS-12.5% polyacrylamide gel according to Laemmli and stained with Coomassie brilliant blue R-250. Gels were dried and autoradiographed for 4 to 5 days by using a phosphorimager for detection.
Preparation of staphylococcal supernatants for cytokine induction studies. DMEM-F-12 medium was inoculated with a small amount of bacterial cells grown on BM agar and incubated for 13 to 14 h. Bacteria were removed by centrifugation for 15 min at 5,000 ϫ g at 4°C, and supernatants were filtered through pyrogen-free round filters (pore size, 0.2 m; Schleicher and Schüll, Dassel, Germany). Freshly prepared supernatants were kept on ice until infection occurred and were adjusted to equal concentrations, corresponding to equal numbers of bacterial cells determined in a Neubauer chamber.
Protein identification by mass spectrometry. Protein in gels was digested with trypsin as described previously (61) and modified as outlined below. Briefly, protein bands were excised from gels, fully destained, and digested for 3 h with porcine trypsin (sequencing grade, modified with 67 ng of 25 mM ammonium bicarbonate (pH 8.1)/l; Promega, Madison, Wis.) at 37°C. Prior to peptide mass mapping and sequencing of tryptic fragments by tandem mass spectrometry, peptide mixtures were extracted from gels with 1% formic acid, followed by two changes of 50% acetonitrile. The combined extracts were vacuum dried until only 1 to 2 l remained, and the peptides were purified by ZipTip according to the manufacturer's instructions (Millipore, Bedford, Mass.). Samples were analyzed by matrix-assisted laser desorption ionization-time of flight by using a Bruker Reflex III mass spectrometer (Bruker Daltonik, Bremen, Germany) equipped with an N 2 337-nm laser and gridless pulsed-ion extraction from the matrix alpha-cyano-4-hydroxycinnamic acid-nitrocellulose prepared on the target by using the fast evaporation method (3).
The sequences of some fragments were verified by nanoelectrospray tandem mass spectrometry on a Q-Tof I mass spectrometer (Micromass, Manchester, England) equipped with a nanoflow electrospray ionization source. Gold-coated glass capillary nanoflow needles (Type Medium NanoES spray capillaries) were obtained from Proxeon (Odense, Denmark). Databases (National Center for Biotechnology Information nonredundant protein database [NCBInr]) were searched using MASCOT software from Matrix Science (45) .
Cell culture. MonoMac6 cells, a human monocytic cell line established from the peripheral blood of a patient with leukemia (71), were obtained from H. W. L. Ziegler-Heitbrock (University of Leicester, Leicester, United Kingdom) and cultured in RPMI-1640 (Sigma R-5886) supplemented with 2 mM L-glutamine, 1ϫ minimal essential medium (MEM) nonessential amino acids (both Gibco BRL), oxaloacetate, pyruvate, and insulin (10 ml/liter, provided as OPI supplement mixture; Sigma), and 10% heat-inactivated fetal bovine serum (FBS, 0.25 of EU [Biochrom, Berlin, Germany]/ml). On the day of infection, 10 6 cells per 24-well microtiter plate were seeded in 750 l of culture medium.
The human pulmonary epithelial cell line A549 (18) was maintained in DMEM-F-12 medium (Gibco-BRL) containing 2 mM L-glutamine and 10% heat-inactivated FBS (0.25 EU/ml). A549 cells were seeded in 24 wells 2 to 3 days prior to an experiment to reach confluency at the day of infection. All cells were cultured in a water-saturated atmosphere of 5% CO 2 at 37°C without using any antibiotics.
HUVEC and umbilical cords were a kind gift from K. E. Unertl (Department of Anaesthesiology and Critical Care Medicine, Tübingen University Hospital, Tübingen, Germany). Umbilical cords were stored no longer than 24 h at 4°C in endothelial growth medium (EGM) enriched with 0.4% endothelial cell growth supplement-heparin, 0.1 ng of epidermal growth factor/ml, 1 ng of basic fibroblast growth factor/ml, 1 g of hydrocortisone/ml, and 2% heat-inactivated FBS (medium and supplements from Promo Cell, Heidelberg, Germany) containing penicillin, streptomycin, and amphotericin B (1:50 from antibiotic/antimycotic solution; Sigma A-5955). HUVEC were prepared from umbilical cords by limited collagenase perfusion. Briefly, cannulated interior sections from umbilical veins were rinsed with phosphate-buffered saline (PBS) containing antibiotic-antimycotic solution (1:100), filled with prewarmed (37°C) collagenase A solution (1 mg/ml; Roche, 103578), and incubated for 5 min at 37°C. HUVEC were collected by flushing the cells with medium 199 (Sigma M-4530) enriched with 10% heat-inactivated FBS and antibiotic-antimycotic solution (1:100). The cells were washed twice by centrifugation for 5 min at 250 ϫ g in medium 199 containing 10% FBS. The primary cells were maintained in EGM in collagen-I-coated culture flasks (Becton Dickinson) overnight and washed with prewarmed PBS; the cultures were supplied with fresh EGM every 2 days. HUVEC were propagated by splitting after 3 to 4 days of incubation and were subsequently frozen at the second or third passage. After thawing, HUVEC were cultured in 2% gelatincoated flasks (gelatin from bovine skin; Sigma G-1393) in EGM without antibiotics and antimycotics. For infection assays, the cells were seeded in gelatinized 24-well microtiter plates 2 to 3 days prior to an experiment to reach confluency at the day of infection. HUVEC were used for experiments up to the fourth passage.
Preparation of FITC-labeled bacteria. Bacteria were grown in MHB to the mid-exponential phase, washed three times in PBS, and resuspended in the same volume of 0.1 M carbonate buffer (pH 9.0). Fluorescein isothiocyanate (FITC, 100 g/ml; Sigma F-7250) was added, and staphylococci were labeled at 37°C in the dark with gentle shaking for 45 min. After four washes in DMEM-F-12 medium, the bacteria were resuspended in DMEM-F-12 medium and adjusted to appropriate titers in the desired medium.
Adherence assays. Confluently grown A549 cells (approximately 7 ϫ 10 5 cells/24 wells) were washed with prewarmed DMEM-F12 medium, and 250 l of medium was added to each well. Cells were infected with 50 l of FITC-labeled staphylococcal suspensions, resulting in a multiplicity of infection (MOI) of 5:1. After 1 h of incubation at 37°C under 5% CO 2 , monolayers were washed three times with DMEM-F-12 medium to remove nonadherent bacteria. Subsequently, cells were fixed with 3.5% paraformaldehyde in PBS, and fluorescent, adherent staphylococci were enumerated. Each experiment was carried out in triplicate, and fluorescent bacteria were counted in eight fields per well by using a Leica DM IRBE fluorescence microscope with a long-distance objective (PL Fluotar L63ϫ/0.70 Corr LMC). Invasion assays. MonoMac6 cells were infected in a total volume of 750 l of culture medium with 4 ϫ 10 7 staphylococci, resulting in an MOI of 40:1, except as indicated in Results. After 1 h of incubation at 37°C, 250 l of culture medium containing gentamicin (final concentration, 100 g/ml) was added to kill extracellular bacteria, and cells were incubated for 1 h. Monocytes were then washed three times in RPMI-1640 supplemented with 2 mM L-glutamine, 1ϫ MEM nonessential amino acids, and OPI mix by centrifugation for 8 min at 400 ϫ g to remove gentamicin. After disruption of the cells in washing medium containing 0.25% Triton X-100, lysates were serially diluted and plated on MHB agar plates. Gentamicin-protected phagocytized bacteria were quantified by colony counting following overnight incubation.
A549 monolayers were washed with prewarmed DMEM-F-12 medium, and 250 l of culture medium was added to each well. The cells were infected with 50 l of staphylococci to yield a standard MOI of 40:1 in a total volume of 300 l. After incubation for 1 h, gentamicin in 700 l of culture medium was applied to kill extracellular bacteria, resulting in a final concentration of 100 g/ml and a total volume of 1 ml. Monolayers were incubated for 1 h and washed three
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times with DMEM-F-12 medium, and cells were lysed with 0.25% Triton X-100 in 750 l DMEM-F-12 medium. Lysates were plated for quantification of internalized bacteria. Cell activation assays. Epithelial monolayers were infected as described for the invasion assays. HUVEC monolayers were washed with prewarmed endothelial basal medium (Promo Cell) and infected with a standard MOI of 50:1 to 75:1 in 300 l of endothelial cell growth medium. MonoMac 6 cells were infected in a total volume of 750 l of culture medium with a standard MOI of 40:1. After 1 h of incubation at 37°C, 100 g of gentamicin/ml was added to prevent bacterial overgrowth, resulting in a total volume of 1 ml, and cells were incubated for the indicated time periods. Gentamicin was applied to monocytes, epithelial cells, and endothelial cells throughout the entire incubation and did not alter cell morphology or viability, as determined microscopically or by using the trypan blue (PAA, Linz, Austria) exclusion method. Viability staining was carried out with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]; MTT is cleaved by an enzyme in the respiratory chain in mitochondria if the cell is viable, thereby generating MTT formazan, a dark blue, highly visible product. Cells were observed with a light microscope.
Cell culture supernatants were collected by centrifugation for 8 min at 4°C and 600 ϫ g (MonoMac 6) or at 1,000 ϫ g (A549, HUVEC), diluted in 20 mM Tris-HCl-150 mM NaCl-0.1% bovine serum albumin fraction V-0.05% Tween 20, pH 7.4, and stored at Ϫ80°C until assayed for cytokine and chemokine concentrations.
Human whole blood infection with staphylococcal cells, staphylococcal culture supernatants, and synthetic lipopeptides. Blood from healthy donors was collected by venipuncture into sterile pyrogen-free tubes. Anticoagulation was achieved with pyrogen-free heparin. Whole blood (250 l) was incubated with 250 l of staphylococcal cell suspensions containing 0.5 ϫ 10 8 to 2 ϫ 10 8 bacteria or staphylococcal supernatants at a final concentration of 12 to 50% (vol/vol) in 24-well microtiter plates at 37°C in a water-saturated 5% CO 2 atmosphere.
For preparation of staphylococcal supernatants, DMEM-F-12 medium was inoculated with a small amount of bacteria grown on BM agar and incubated for 14 h. Bacteria were removed by centrifugation for 15 min at 5,000 ϫ g and 4°C, and supernatants were filtered through pyrogen-free round filters with a pore size of 0.2 m (Schleicher and Schüll). Freshly prepared supernatants were kept on ice until infection occurred and were adjusted to equal concentrations with DMEM-F-12 medium corresponding to the original bacterial titers by using a Neubauer chamber.
The staphylococcal culture supernatants, diluted 50% with medium, were supplemented with synthetic lipopeptides. The synthetic lipohexapeptides Pam2Cys-Ser-(Lys) 4 [R]-cysteine; L2000} were obtained from EMC Microcollections GmbH, Tü-bingen, Germany. The lipopeptides were diluted in pyrogen-free water, sonicated extensively, and added to the S. aureus culture supernatants prior to usage. DMEM-F-12 medium instead of staphylococcal suspensions or supernatants served as a negative control. Blood samples were removed for analysis after 5 h of infection, without addition of gentamicin, and centrifuged for 10 min at 4,000 ϫ g at 4°C; plasma was stored at Ϫ80°C until used for enzyme-linked immunosorbent assay (ELISA). All experiments were performed in duplicate or triplicate as indicated.
Determination of cytokine and chemokine production by ELISA. Extracellular release of cytokines and chemokines was determined by a sandwich ELISA technique using the Duo Set ELISA development systems (R&D Systems, Minneapolis, Minn.) according to the manufacturer's instructions. The ELISA detection limits were 15.6 pg/ml (tumor necrosis factor alpha [TNF-␣]), 3.9 pg/ml (interleukin-1 [IL-1]), 4.7 pg/ml (IL-6), 31.2 pg/ml (IL-8/CXCL8), 62.5 pg/ml (IL-10), and 15.6 pg/ml (monocyte chemoattractant protein 1 [MCP-1]/CCL2). No corrections for background levels of cytokine and chemokine release were made. Enzyme immunoassay microtiter plates were purchased from Nunc (Roskilde, Denmark).
RESULTS
Screening of the S. aureus genome for genes encoding putative lipoproteins. The genome of S. aureus N315 was screened for genes encoding putative lipoproteins by using the ParSeq program (58) . The search criteria were as follows: methionine at position 1, followed by 2 to 9 amino acids with at least one positive charge, followed by a hydrophobic stretch of 7 to 36 More than 70 putative lipoproteins were identified, 55 of which contained a signal peptide of typical length. Most of these proteins were hypothetical, with unknown function. A number of the proteins, however, showed similarity to known proteins (Table 2 ), e.g., transporters (iron, zinc, amino acid, oligopeptide, glycine betaine, sugar, and teichoic acid), phage terminases, heme/copper-type cytochrome/quinol oxidase, proteindisulfide isomerase, peptidyl-prolyl cis-trans isomerase (PrsA), and pyruvate-formate-lyase-activating enzyme.
The lgt operon region and construction of S. aureus SA113 lgt::ermB. In the genomes of S. aureus strains NCTC8325 and N315, lgt (gene SA0716 in the N315 genome) is flanked upstream by hprK (HPr kinase/phosphatase) and downstream by a gene with similarity to O-acetyltransferase (Fig. 1A) . The same gene organization has been found in Staphylococcus xylosus and Staphylococcus epidermidis (26) and is therefore likely conserved in staphylococci. The three genes are transcribed in the same direction and separated by only a few base pairs, which suggests that they are cotranscribed. Whether the two genes flanking lgt are involved in lipoprotein maturation is unknown. However, one can speculate that the O-acetyltransferase homolog could be involved in the acylation of phosphoglycerol to yield phosphatidylglycerol and that the HPr kinase (HPrK) could carry out the dephosphorylation of phosphatidylglycerol to yield the diacylglyceryl group that is transferred to the thiol group of the cysteine residue by Lgt. The lgt deletion mutant of strain SA113 was constructed by replacing the lgt gene with the erythromycin resistance cassette (ermB) without affecting the upstream and downstream genes, yielding SA113 lgt::ermB, referred to as the lgt mutant. This mutant could be complemented by plasmid pRBlgt, in which lgt transcription is driven by the constitutive vegII promoter from B. subtilis (Fig. 1B) .
Lipoprotein monitoring and cellular distribution. To determine whether lipoproteins were lipid modified in the lgt mutant, lipoproteins were labeled by cultivating cells in the presence of [ 14 C]palmitic acid until the mid-exponential phase was reached. As shown in Fig. 2B , no labeled lipoproteins were observed in the membrane fraction of the mutant, whereas at least 20 labeled proteins (25 to 70 kDa) were observed in the membrane fractions of the wild type and the complemented mutant. In the Coomassie-blue-stained gel ( Fig. 2A) , no marked differences were observed. Interestingly, some lipoproteins were also present in the culture supernatant of the wild type and the complemented mutant cultivated for 4.5 h (not shown), with a pattern resembling that of the membrane fraction. This observation indicates that lipoproteins were released already in the mid-exponential phase.
Cell-wall-associated proteins were isolated by treating the
FIG. 1. Allelic replacement of lgt in the genome of S. aureus SA113 (A) and map of the complementation plasmid pRBlgt (B). (A)
A plasmid based on the shuttle vector pBT2 that allowed replacement of lgt by ermB through homologous recombination was constructed. The flanking regions of lgt, hprK upstream, and yvoF/yvcDЈ downstream were amplified from the S. aureus SA113 genome. ermB contains its own promoter, which mediates moderate expression of downstream genes and does not contain a transcriptional termination signal. The ermB gene in the isogenic lgt::ermB mutant is in the same orientation as lgt in the wild type. The postulated functions of the proteins encoded by the four genes of the operon are indicated. (B) Only the relevant part of the complementation plasmid pRBlgt is shown. The lgt gene with its original initiation translational signal was cloned using the XbaI and SacI restriction sites of the multiple cloning site of the shuttle vector pRB474. Transcription of lgt is driven by the constitutive vegII promoter from B. subtilis. lgt, prolipoprotein diacylglyceryl transferase; P, vegII promoter; T, transcriptional terminators from phage (To) and from rrnB of E. coli (T1); cat, chloramphenicol acetyltransferase gene; bla, ␤-lactamase.
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at Penn State Univ on February 1, 2008 iai.asm.org cells with 1.5 M LiCl. Separation of the proteins by SDSpolyacrylamide gel electrophoresis (PAGE) and subsequent matrix-assisted laser desorption ionization-time of flight analyses revealed the presence of GrpE (a cochaperon in the DnaK/DnaJ/GrpE system) and L25 (50S ribosomal protein L25) homologs in the wild type, but not in the lgt mutant. The prelipoprotein forms of PrsA and SitC were found only in the preparation of the cell-wall-associated proteins of the lgt mutant (Figs. 3A and B) . Lipoproteins could be released from the cell wall, although in lesser amounts than from the membrane fraction (Fig. 3C) . These results indicated that in S. aureus, the majority of the lipoproteins are in the membrane fraction and a small proportion are in the cell wall and the culture supernatant. The surface-bound and released staphylococcal lipoproteins could potentially interact with the host immune system. The lgt mutant releases unmodified lipoproteins into the culture supernatant. The protein pattern of the culture supernatant of the lgt mutant, cultivated aerobically for 14 h, resembled that of the wild-type membrane fraction (Fig. 4) . However, a number of protein bands were also observed in the supernatant of the lgt mutant that were not found in the wild type or complemented mutant. To identify some of the most predominant proteins in the lgt supernatant, the proteins were excised from Coomassie-blue-stained SDS-polyacrylamide gels and identified by mass spectrometry. The location of the encoding genes in the genome of S. aureus 8325, the parental strain of SA113, was determined and compared with that of S. aureus N315, whose genome is annotated (34) , by using the BLAST microbial genome database.
Most of the examined proteins were derived from lipoproteins; two were not lipoproteins. The following proteins were identified. The 35-kDa protein band, which also contained another protein that corresponds to four homologous lipoproteins of unknown function: encoded by SA1317 (305 aa), SA1318 (316 aa), SA1319 (305 aa), and SA1321 (309 aa) of strain N315 (the latter is a lipoprotein in SA113, but lacks the leader sequence in N315). Therefore, we do not know which of these homologs are expressed. (vi) Surprisingly, also two nonlipoprotein enzymes derived from the AtlE major autolysin (encoded by SA0905 of strain N315), the 60-kDa amidase, and the 52-kDa N-acetylglucosaminidase (23) , which were present in higher amounts in the lgt mutant. Both enzyme domains of AtlE are usually cell wall bound and processed by proteolytic cleavage. An explanation for the greater release by the mutant could be that the cell wall integrity in the lgt mutant is affected and that, therefore, also cell-wall-associated nonlipoproteins are more readily released.
The four lipoprotein genes sitC, prsA, SA1056, and oppA are conserved in the other staphylococcal genomes determined. We assume that many of the lipoproteins of the lgt mutant are released into the culture supernatant.
Transient anchoring of lipoproteins by unprocessed signal sequences to the mutant membrane. The sitC gene was cloned in the xylose-inducible vector pTX15, yielding pTXsitC, which was introduced into the wild type and lgt mutant by transformation. Bacteria were grown overnight, and proteins from the membrane fraction were separated by SDS-PAGE and stained (Fig. 5) . The apparent molecular mass of SitC in the membrane fraction of the wild type was 32 kDa, whereas it was 34 kDa in the lgt mutant. This difference in size can be explained by the unprocessed leader peptide in the lgt mutant protein; the leader peptide anchors the protein, at least transiently, to the cytoplasmic membrane. On the other hand, the secreted form of SitC in the lgt mutant had a size of 32 kDa. We assume that the majority of the SitC protein lacking lipid is released from the membrane by proteolytic processing, even though a typical Ala-X-Ala motif is lacking.
Lipoproteins lacking lipids become phenotypically apparent only under substrate limitation or stress situations. The lgt mutant had a pleiotropic phenotype. More than 50 lipoproteins lacked lipids, and many were released into the culture supernatant. One would expect that this alteration would be reflected in a general retardation in growth.
However, in complex media, such as BM, there was hardly any difference between the wild-type and the lgt mutant with respect to growth rate, maximal growth level, and CFU (Fig.  6A) . The growth of the lgt mutant was impaired only in the culture medium RPMI-1640, which is nutrient poor (Fig. 6B) . Anaerobic growth of the lgt mutant in the absence of nitrate was reduced (results not shown). Again, the results obtained indicated that the lack of lipid modification of lipoproteins becomes phenotypically apparent only under substrate limitation or stress situations.
The lgt mutant is severely affected in activation of inflammatory immune responses. Activation of A549 pulmonary epithelial and endothelial cells. Epithelial cells, as an important component of mucosal defenses, provide both barrier and signaling functions to protect against bacterial pathogens. They release cytokines and chemokines in order to activate phagocytic cells. We used A549 pulmonary type II epithelial cells in our assays since S. aureus is an important respiratory pathogen of immunocompromised and hospitalized people and cystic fibrosis patients. Epithelial monolayers were infected with the S. aureus wild type, the lgt mutant, or the complemented mutant, and the induction of IL-6, an important mediator of the acute-phase response and activator of systemic inflammation, and IL-8, a chemokine and activator of neutrophils, was assessed. Over time, the wild type and the complemented lgt mutant induced many more cytokines than the lgt mutant (Fig.  7A) . The optimal dose response (MOI) was 25 to 50 bacteria per cell. At a higher MOI, the monolayer was disrupted owing to cytotoxic effects, as observed by microscopy and quantified by staining A549 cells with MTT (data not shown). Therefore, we assume that the decreased cell activation by the lgt mutant is not due to an elevated cytotoxic effect. When local infections cannot be controlled, dissemination of S. aureus into the bloodstream can occur, which enables the colonization of other tissues. Adhesion to and transcytosis of intact and damaged endothelia play a crucial role for metastatic infections. HUVEC were infected with the S. aureus wild type, the complemented lgt mutant, or the lgt mutant, and the induction of IL-6, IL-8, and MCP-1 was assessed (Fig. 7B) . As with the epithelial cells, only the wild type and complemented lgt mutant induced IL-6, IL-8, and MCP-1 significantly. The MOI was 50 to 75 bacteria per cell. The onset of activation started after 24 h of incubation.
While there was a clear difference in the induction of cytokines and chemokines, there was no difference between the wild type and the lgt mutant in attachment to or invasion of epithelial and endothelial cells (data not shown). We assume that the lipoproteins present in the wild-type cells are most likely responsible for cytokine and chemokine induction.
Activation of monocytes. Induction of the proinflammatory cytokines TNF-␣ and IL-1␤ in MonoMac6 cells was investigated at an MOI of 40:1. Only the wild type and the complemented lgt mutant triggered a significant TNF-␣ response ( Fig.  8A and B) and an IL-1␤ response (results not shown). Crude extracts (containing intracellular, membrane, and cell wall components) of the wild type and the complemented mutant provoked a concentration-dependent TNF-␣ production (Fig.  8D) . In contrast, cells and extracts of the lgt mutant failed to induce any TNF-␣ response (Fig. 8A, B, and D) , whereas a moderate activation of the anti-inflammatory cytokine IL-10 was observed (Fig. 8C) . Culture supernatants of overnight cultures of all strains did not induce cytokine responses in the assays (results not shown). These results suggest that the MonoMac6 activating factor in the wild type is membrane or cell wall associated, which is supportive of the involvement of bacteria-associated lipoproteins.
Activation of whole blood. Whole blood was used instead of blood monocytes or peripheral blood mononuclear cell preparations to minimize preactivation of immune cells and to mimic the in vivo situation as closely as possible. When whole blood was used for stimulation with S. aureus cells and culture supernatants, S. aureus wild type induced higher TNF-␣ concentrations than the lgt mutant, but in contrast to single cell types, a significant cytokine induction by the lgt mutant could be detected (Fig. 9A) . Also, in this assay system, the culture supernatants were able to induce TNF-␣ production, and surprisingly, the supernatant of the lgt mutant was superior to that of the wild type in a distinct concentration range (Fig. 9B) .
Synthetic lipopeptides alone were only poor inducers of cytokines even at high concentrations (100 g/ml) ( Fig. 9C and  D) . However, different effects were observed when lipopeptides were added to wild-type or mutant supernatants. The addition of Pam 2 Cys or Pam 3 Cys to wild-type culture supernatant diluted 50% with medium had little effect. At higher concentrations (Ͼ10 g/ml), stimulation was even repressed. Apparently, the wild-type culture supernatant was saturated with mature lipoproteins. With the culture supernatant of the lgt mutant, a dose-dependent increase in stimulation was observed when either Pam 2 Cys or Pam 3 Cys was added, which indicated that the culture supernatant was not saturated with lipoproteins ( Fig. 9C and D) . Therefore, addition of synthetic lipopeptides led to a further increase in TNF-␣ stimulation. Our results also indicate that human blood cells respond equally well to diacylated or triacylated lipoproteins, even in combination with other soluble inducing factors.
DISCUSSION
Bacterial lipoproteins from different species have recently been shown to play a role in virulence and to be potent inducers of cytokines (14, 70) . Most of these studies, however, have been carried out using isolated molecules or synthetic lipopeptides. Results of these investigations might provide only a rough insight into the significance of bacterial lipoproteins since the physiological backgrounds of other stimuli, such as peptidoglycan, teichoic acids, CpG DNA, or toxins, have not been considered. Furthermore, any isolated components could include trace contaminants that could mask or affect the function of the isolated component to an unknown magnitude and quality. We therefore compared S. aureus wild type with its lgt mutant, in which the lipidation of all prelipoproteins is affected, with respect to activation of inflammatory host responses.
More than 300 distinct bacterial lipoproteins are listed in the DOLOP database of bacterial lipoproteins (38; http://www .mrc-lmb.cam.ac.uk/genomes/dolop/). By screening the S. aureus genome, we identified more than 50 genes displaying a typical type II signal sequence, 35 of which can be associated with a known or predicted function (Table 2) . At least 14 protein bands derived from the supernatant of an lgt mutant overnight culture were visualized in a Coomassie-blue-stained SDS-polyacrylamide gel, representing released proteins not present in the wild-type supernatant (Fig. 4) . This protein pattern resembled that of the radiolabeled lipoprotein bands derived from the membrane fraction of S. aureus wild type in the autoradiographs (Fig. 3B) . Therefore, the additional proteins released by the lgt mutant can be assumed to be unlipidated prelipoproteins which could not be retained in the bacterial membrane. Indeed, when SitC was overexpressed, the majority of this protein was not retained in the membrane of the lgt mutant (Fig. 5) . We estimate approximately 20 to 25% of the unlipidated SitC molecules to be retained in the membrane of the lgt mutant. We assume that generally unmodified and unprocessed hydrophobic leader sequences dock the corresponding prelipoprotein at least transiently to the cytoplasmic membrane. This explains the ability of the lgt mutant to acquire nutrients and to behave like the wild type, provided that a substantial substrate concentration is available. Therefore, a possible defect in the lipoprotein maturation pathway can be tolerated by S. aureus under optimal growth conditions. Indeed, despite the large number of lipoproteins in S. aureus, our results show that the lack of lipid modification had no apparent effect on the growth of S. aureus in rich medium, a finding that is consistent with results from other authors obtained for B. subtilis (36) and S. pneumoniae (47) . However, by using different media and by nutrient supplementation, we demonstrated that growth of the mutant was much more strongly affected in nutrient-poor medium than that of the wild type, which indicated an impaired ability of the mutant to acquire nutrients.
In both the LiCl extract and the culture supernatant of the lgt mutant, SitC and PrsA were found in higher concentrations than in the wild type and the complemented mutant (Fig. 4) . These proteins probably interact with cell wall components, as has been shown for PsaA, a streptococcal SitC homolog, which is retained in the cell wall of Lactobacillus casei when heterologously expressed. In contrast, PspA, another streptococcal protein, is released into the medium (42) . Interestingly, LiCl treatment also released GrpE and L25 (RplY) from the cell surface of wild-type S. aureus; these proteins were thought to be located in the cytoplasm (Fig. 3A  and B) . GrpE is a component of the DnaK (Hsp70)/DnaJ (Hsp40)/GrpE (Hsp20) chaperone system, which has a broad array of biological functions, including protein folding and disaggregation, mediating the accessibility to proteolysis, and heat shock regulation (reviewed in reference 17). GrpE (Hsp20) acts as a nucleotide exchange factor that accelerates the rate of ADP dissociation from high-affinity ADP-DnaK, thus enabling ATP binding and the transition of DnaK to the low-affinity state (39) and promoting the efficient release of the substrate (5). GrpE also functions as a thermosensor that initiates the heat shock response (20) . In principle, GrpE is a typical cytoplasmic protein; however, in some bacterial species, it is located at the surface along with DnaK (Hsp70) (49, 57) . The large ribosomal protein L25 (RplY) binds specifically to loop E of the 5S rRNA (37) and shows strong sequence similarity to the general stress protein Ctc of B. subtilis, which also specifically binds 5S rRNA (56) .
We have no clear explanation for the mechanism by which GrpE (Hsp20) and L25 are brought to the S. aureus cell surface. Whether GrpE and L25 become surface localized by autolysis or by a specific secretion mechanism is unknown. It is, however, remarkable that GrpE and L25 are found only on the surfaces of wild-type S. aureus cells and not on those of the lgt mutant ( Fig. 3A and B) . They are possibly associated with the lipid moiety of the lipoproteins and in this way become exposed to the outer surface, since many prokaryotic and eukaryotic heat shock proteins have been shown to interact noncovalently with lipids and fatty acids (2, 10, 21) .
The infection assays with several cell types revealed that only the S. aureus wild type induces a strong inflammatory response with time, whereas the lgt mutant fails to provoke a considerable host cell activation. Only a moderate decrease in the production of anti-inflammatory IL-10 was observed. Based on these results, the lack of lipid modification has consequences for an efficient immune response to S. aureus since a whole set of proinflammatory cytokines and chemokines can be induced only when lipidation of lipoproteins occurs. We assume for two reasons that the decreased cell activation by the lgt mutant is not due to metabolic side effects such as a decreased growth rate but rather to specific molecular interactions between host cell receptors and the lipoproteins. First, crude extracts derived from the wild type, but not from the lgt mutant, were able to induce TNF-␣ in MonoMac6 cells (Fig. 8D ) and IL-8 in A549 cells (data not shown) when used in equal amounts. Second, similar results were obtained from infection experiments when MonoMac6 cells were treated with bacteria that had been killed either by heat, gentamicin, or lysostaphin prior to infection (results not shown).
S. aureus is taken up essentially by phagocytes via Fc-␥ receptors or complement receptors. The pathogen also invades epithelial, endothelial, and fibroblast cells, where fibronectinbinding proteins and the host fibronectin receptor integrin ␣5␤1 play a crucial role (62) . Some phagocytic receptors themselves trigger cytokine production, and phagocytic and inflammatory receptors often functionally cooperate, albeit these processes appear not to be necessarily coupled (69) . The ability of the lgt mutant to adhere to or to invade various types of host cells was not affected (results not shown). Therefore, the lgt deletion does not affect staphylococcal surface structures or the engagement of host receptors that play a crucial role in the uptake processes. We assume that the decreased stimulating activity of the lgt mutant is caused by its inability to produce lipoproteins and that the cell-activating properties of lipoproteins might be due to the specific activation of inflammatory pathways in different host cells, mediated by inflammatory host cell receptors at the cell surface or in endosomal compartments.
The result that culture supernatants of the lgt mutant were equal or even superior to wild-type culture supernatants in the activation of whole blood samples (Fig. 9B ) was somewhat surprising since some lipoproteins in the culture supernatant of the wild type and complemented lgt mutant grown for 4.5 h were detected (results not shown). It remains to be elucidated whether the lack of lipidated proteins in the culture supernatant of the lgt mutant is overcompensated by the released unlipidated prelipoproteins, or whether the mutant releases slightly higher concentrations of other pathogen-associated molecular patterns, such as peptidoglycan, lipoteichoic acid, unmethylated cytosine-guanine dinucleotide sequences, Nformyl-methionine peptides, and/or phospholipids; however, an increased autolysis rate of the mutant was not observed.
Perhaps there is some disordering of the peptidoglycan or the teichoic acids, possibly caused by an affected teichoic acid transport protein, TagG, which is a lipoprotein. It has been shown that the tagGH operon of B. subtilis encodes a twocomponent ABC transporter involved in the metabolism of wall teichoic acids (35) .
We think that the free mature lipoproteins in the S. aureus wild-type supernatant play only a minor role in immune activation or rather modulate the responses triggered by other soluble factors in a concentration-dependent manner. This assumption is based on our observation that synthetic lipopeptides alone have only an inadequate stimulating potential and that the low TNF-␣-inducing activity of the supernatant of the lgt mutant can to some extent be increased by increasing concentrations of synthetic lipopeptides, whereas wild-type supernatants appear to be saturated with soluble lipoproteins (Fig.  9C and D) . Pam2Cys and Pam3Cys acted in a similar manner, which indicated that an additional aminoacylation of the lipidated cysteine residue of the lipoproteins is not crucial for the stimulatory potency of S. aureus supernatants. We did not determine the structure of the lipoproteins, but we screened the published genome sequences of strains of S. aureus for a gene encoding a lipoprotein N-acyl transferase (Lnt) homolog and found no such protein, which suggests that lipoproteins in S. aureus are only diacylated. We therefore expect an involvement of TLR2 and/or TLR6 heterodimers in such a receptor complex, which is necessary for the recognition of diacylated lipoproteins (65) .
The majority of the released wild-type lipoproteins might be organized in aggregates, and therefore, the concentration of freely accessible lipid structures might be too low to induce a strong activation in the tested cells. The mechanisms of human cells in mediating proinflammatory responses depend on the type and aggregation state of bacterial inducers in homotypic or heterotypic complexes and also depend on whether these factors are soluble or particle bound (15) . Generally, a synergistic action of different microbial components, including lipoproteins, seems to be necessary to enable a full inflammatory outcome (59, 60) .
In conclusion, our findings contribute to an emerging picture of molecular mechanisms at the host/bacterial interface and broaden the understanding of the physiological significance of bacterial lipoproteins in innate immune activation. We showed that the lack of lipid modification of lipoproteins in S. aureus has a clear effect in the immune response to S. aureus but has only a subtle effect on cell growth and is not vital in grampositive bacteria. Bacterial-induced inflammation is a twoedged sword and can lead either to clearance of the pathogens or to severe systemic inflammation. The lgt mutant can be regarded as a suitable tool for in vivo investigations of the role of microbial lipoproteins on gram-positive infections. Whether the S. aureus lgt mutant displays attenuated virulence in vivo remains to be investigated.
